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PISTON-RING VIBRATION AND BREAKAGE

By J. C. Nettles and Andre J. Meyer, Jr.

SUMMARY

Tests were made to determine the stresses and bending moments
required to break pieces 1 inch or less in length from the ends of
cagt-iron, keystone, compression piston rings. Piston rings were
fatigue-tested at amplitudes related to ring clearance. With the

iston ring vibrating in the free-free condition, straln gages were
uged to determins the stress patterm for varlous modes of vibration.
The natural frequencles corresponding to these modes were caloulated
and frequencies that might break off short pieces were found to be
very high. All information necessary to ocalculate the natural
frequencles of plston-ring vibrations in the free condition is
included. Observations and high-speed motion plctures were made of
vibrating rings assembled on a piston and confined lnside a Lucite
cylinder.

Measurements made wlth straln gages verify that the maximum-
stress points of vibrating piston rings are at the antinodes or
points of maximum deflection. Attempts to break off short pieces
of rings by resonant vibration were unsuccessful. The natural
frequencies that could cause ring breakage 1 inch or less from the
ring gap were found to be above 2000 cycles per second. A sug-
gested source of frequencies of this magnitude in an englne 1s
offered. Fatigue tests made on specimens in bending indicate from
conglderations of ring clearance that breakage about 1 inch from
the end cannot be attributed to aximl vibrations but can be the
result of radiel vibrations.

INTRODUCTION

Plston-ring breakage, espsecially in the vicinity of the ring
@8p, has been thought to be caused by vibration (referemces 1, 2,
and 3). It is generally believed that & ring under some conditions
of operation is deflected in a wave form within the ring groove as
though resonance occurred. This theory is plausible but 1ts effects
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have boen apparent only through indirect evidence, such as uneven
worr, discoloratlon, and increased blow-by. The Ilnterpretatlon of
thvess factors is questlonable. Little 1s known about the origin of
ring vibraticns and thelr relatlons to gas pressures, plston speed,
and ring dimensions.

Diruvot observatlons have not becn made of the motlon of a ring
whlle opurating in an englne becausc of the hlgh pressures and tem-
peratures that exist end because of thv difficulty of malntelning
vigibllity arnd stlll properly lubricating the repidly moving parts
of ths Tfull-slzed engino. Ring fallure ocours primarily at high
power cutputs, which msgnifies these problums. In order to study
the flechlions of a plston ring, an apparatus to simulate vibratory
ccnditlions was agsscsmbled at the NACA Cleveland laboratory. A pilston
wlth & compression ring was placed in a Luclte cylinder and oscll-
lated with llmited stroke at varlous froquoncles. In addition to
this work, a knowledro of ring vitration was obtalned by studying
its motiona whon vibruted as a free lody.

APPARATUS AND TEST PRCCEDURE
Fleoctronlc Fxzciter

An ealoctronic exciter was usuvd to vibrete a keystone-type com-
prossion piston ring in thy free statc and whon it was assumbled on
e sectlicn of a stardard platoun. Tho oxciting apparatus consistsd of
a beat-frequency oacillator, a 500-wett amplifiler, and an electric
c¢oil suspended In a stoeady magretic flsvld, A diagrammatic sketoh of
the test setup 1s shown In Iigure 1. The amplified cubput from the
cacllletor was pazsed thiougn ths coil. Bucausge of i+sg continually
changing polarity, tho coil was attracted arnd repelled; thuis a means
wag, provided for reciprocating the piston with riag in placs at any
fruquorcy up to 1000 cycles puwr secord. For frequencioes bolow
100 cycles por socond, the stroke was limited to 0.2 inch. For
frequencies ebove 100 cyclen por second, the stroke was limited to
an smount corrospording to sn accoleration of 250 times the accel-
eretion of gravity. A polishod Luclte oylinder wes attached to the
stationary part of the sxeciter to simulate tho constralned condi-
tioms of & ring in an engine,

Froe-Fros Ring-Vibration Equlpm.mt

Two rings were mounted on emall flsxlbls springs to obbain freo-
free conditions. On onu ring, strain s'goes wore cemunted close
togother oo tho rirg face and on the other ring they were placed
on tho top side. The gugos, 1/8 inch wide and 3/8 inch long, ware
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of a bakelite~bonded, wlre-wound construction especially designed
for these tests. Conneoting wires to the gages were small and
flexible to avold lnterference with vibrations. The straln signals
after being emplified were recorded on a 1l2-channel oscillograph.

Equlpment for Observling Plston~Ring Motlon

Ring fluotnatlions were observed through the polished Luclte
cylinder with a astroboscope and the motions that might cause break-
age were photographed with a high-speed motlon-plcture camera. The
camera was & contlnuous-fllm, rotating-prism type capable of taking
ploturee at the rate of 2500 frames per second. The light necessary
for high-speed photography was suppllied by an 8000-watt carbon aroc
light supplemented with flood lamps. Some of the high-speed pilctures
were taken with the oylinder and the exciter assembly mounted on a
pivot, which rotated the assembly past the statlonary cemera to
permit a 360° view of the ring.

Equipment for Simulating Engine Conditions

Alr pressure sbove the piston was mannally controlled at
values varylng from O to 15 pounds per square inch gage pressure.
The power output obtainable from the exclter and the strength of
the cylinder limlted the amount of pressure that could be used.
The Luclte cylinder was machined to give a piston side clearance
of 0.015 inch between the plston lands and the coylinder wall,which
corresponds to the estlimated hot clearance of an actual engine in
operatlion. Blow-by measurements were made wlth a gas meter in the
alr-supply line. Air pressure was used to force a thin oll into
the cylinder for lubrlcation.

DISCUSSION AND RESULTS

The type of plston-ring failure that would cause breekage of
the rings at approximately 1 inch from the end or gap locatlon was
investigated. Simllar breakage has often been thought to be the
result of ring vibration.

Preliminary Tests

In order to have a basls for comparison, rings were brokem by
statically loading them at verious points. Breaks were made by
clamping the ring and by applylng concentrated loads at the free
end elther perpendiculer or parallel to the axls of the ring.
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Loading applied radlally in the plemne of the ring caused deflec-
tions like thome resultlng from what 1s known as radial or parallel-
ring vibration. Loads acting on the ring perpendicular to 1ts plane
produced deflection curves simllar to those formed by axial or
trensverse-ring vibratlons (fig. 2). The fractures were compared
wlth breaks thet occurred In actual engine operation and 1t was
found that ell three fractures appeared to be the same. The moment
required to breek the ring in tho axial direction averaged sllightly
less than 24 Iinch-pounds and in the radial-vibratlion manner 1t was
approximately 48 lnch-pounds. The breaking stress cf the cast-iron
ring materlial ir berding was experimentally determlned as

88,000 pounds per square inch. When the ring was so clamped as to
form a l-inch long centilever, the axial deflection at the breeking
point was about 0.025 inch, whersas the radlal deflection was about
0.011 inch. It is feazible therefore tc break rings by radlal
vibration because plston side clearance and ring back clearances
would easlly allow sufficient freedom.

Ring feilure caused by exlal vibrations is unlikely beceause
without an extreme e&mount of piston dilstortion, the ring will not
have sufficlient clearance to vibrate at a freguency and amplitude
that would caunse a high stress pouint 1 inch from the end. In order
to confirm thls stetemont, a rinrg was clamped to form a l-inch
cantilever and wss mechanicelly deflested more than 5,000,000 times
at a rate of 3600 cycles per minute without faillure. The deflection
was 0.008 inch, which corresponds to an extreme slde clearance
between the ring and the piston lands, The deflection was 1ncreased
to 0.016 inch and another 5,000,000 cycles were completed without
ring fallure, The Tactor of safety apperent from these tests was
taken to indlcate thet investigutlion of the effect of comblned
stresses was not necessery. A ring clamped to form a 3/4-inch
cartilever was deflscted 0.008 inch and it also would not break. A
ring clamped to form a 1/2-inch cantilever doflected the seme amount
d1d treak after 500,000 cycles, A frequemncy that would cause high
streas polnts 1/2 inch from the end would he teyond reason.

Free-Freeo Ring Vitrations

In an attempt %o expluin the locatlon of ring fallure, tests
were mede to determlne the dlstribution of stresses and the maximum
stress polnts of a vibraeting ring. Equations for finding the
natural frequenocles of free-free clrcularly curved bars are given
in reference 4, These equatlons, mcdified for use with English
units, and the stresses indicated by straln gages applied to the
plstcn ring were used to compare calculated arnd observed natural
frequencles for the various modses. The method of calculation 1s
explained ln tho appendix.
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The natural frequenciles of radial and axizsl vidbrations for a
keystone~type compression plston ring used in a 5.5~inch-bore cyl-
inder are presented 1n the followlng table: . -

Mode of|Calculated|{Obaerved
vibra- |frequency |frequency
tion (eps) - (ops)
Radlal vibrations
1 (a) 96
2 206 210
3 499 500
4 921 1140
5 1472 1610
6 2153 2370
Axlal vibrations
1 (a) 82
2 125 158
3 314 321
4 590 523
5 950 (b)

BThe frequency equations glven
in the appendix are not
applicable for the first
mode of vibration.

brme fifth mode of vibration
could not be exclted with
the equipment used.

The discrepancies between calculated and observed values can be
explalned by the lncreased mess and stiffness caused by the strain
gages and by the variance between the method of suspension and
actual free-free condlitions.

An analysls of the strain-gage slgnals clearly indlcated that
the meximum stresses were located at the antinode polnts, or polnts
of maximm displacement, wlth the exception of the antinode looeted
at the extreme end of the ring. Flgures 3 and 4 are plots of rela-
tlve stresses along the length of the ring for radial-ring and
axlal-ring vibrations. All nodal points marked on these graphs were
calculated from the tables in reference 4. The values 1n the tables
were experimentally determined ard were carried out only to the
fifth and sixth modes for the axlial and radiel vibrations, respec-
tively. For these highest modes, the closest antinode positions are

stlll more than L% inches from the end. From figure 5, 1n which
the entinode position closest to the end of the ring is plotted
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egainst frequency, it can be readily scon that breaksge 1 inch or
closer to the ond by resonant vibretion would require an oxtremoly
high frequsncy.

Actually many rings woro brokeon simply by exclting thom with
the electronlic exclter at rosonant frequonclces of the ring but in
all ceses the break occurrod on2-half or one-third cf the way
around the ring. It was not possible tc vibrate the ring in such
a way as to ceusuv breakage 1 inch from the und.

Ring Vibratlor in Lucite Cylinder

The tosts wure ccntinued by confining tho ring betwoen standard
plston lands and inslide of the previcusly deoscribed Luclto cylirder.
The pistcn was sucurcly atteched to the olecetronic-oxciter coll and
was moved up and dewn at vericuws froquimcics, It was scon noticed
thet, at a froequency of 2400 cycles puor minute, th: ring could be
mado to turn in clther dlrceticn by slightly manipulating the fro-
giency, tho amplitudu cf vitration, cr the alr pressurc. The ratec
of rctetlcn was nct ccnstant but was usuelly in tho crder of 1/2
to 1 rpm,

High-specd motieon plcturus tekun at thu condition cf 2400 cyclos
por minute roveal thet et scmuv instants the ring was meoroly moviag up
and down rrletiv. to the ring grocve as a result of boing simply
push:d elong by thu plstcn. At arothur timo cno ond of the ring was
lylng on the becttom of thoe ring groove thrcughout the ccmplote cycle
whilu the othur ond was vibrating up end dewn in the groovu. At tho
sen; frequency, sometimcs the ond that had rumaincd at rest rclatlve
tc the groove bugen oscillatling and the othor end stopprod 1ts motlon.

Tho motlcn butwoon ¢nds of the rirg indicatced that the ring was
being stressed somewhure around i1ts clrcumforonce., Tho oxcltor
mounted on tho pivot was repldly turnsd whilo the ring was vibrating.
Additional motion plctures werc tekun «nd a study of them showed that
tho amplitude of ring wmovement gredually docreascd eround tho ring
from the mcving to the still wnd., Very lcw strusaos wure consoquontly
bring distributud throughout the ring end no meximum strcsss pelnt that
could braak thec ring oxlstrcd., Othur obsurvations weru mado with tho
strobcscope at froquencles related to the natural frojuencles of the
rirg as calculet :d erd cbscrved in ths frue-free condltion. In all
cages thu ring s.omcd tc bo meking ncrmel excursions up and down in
the cylirdcr snd pictures teken with the higk-aspucd camera cenfirmed
that the rirg was meking normal excuraicns. It was impoasible to
exclte tho rasonance of tho ring, probably bucausw considerablo
damping was supplisd by the piston-ring material, the oil, thc air
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pressure, and the confinement of the ring between the lands., It
_must be remembered that, with the manner of suspension, excltatlon
was possible in only ‘'oné direction: that leading to axlal vibrations.

Analys;s of Other Experiments Related to Ring Breekage

Scme very interesting experiments concerned wlth ring breakage
are reported 1ln reference 5. In one test, rings of various widths
and of rectangular cross sectlons were run ln a small hilgh-speed
engine and 1t was found that the widest rings (0.093 in.) broke at
and englne speed of 5000 rpm. A narrower ring (0.062 in.) broke at
ean engine speed of 6000 rpm. The nerrowest ring (0.038 in.) did not
break although a speed of 7000 rpm was reached. When the natural-
frequency equation for rediel or parallel vibrations (equation (1),
appendix) is considered, a change in wldth equally affects the
moment of inertia in the numerator erd the mass in the dencmlnator.
The natural frequency consequently remains the same and would not
oxplain the charnge in the spead at which the ring brnke. For axlal
vibrations it has alrealy been shown that the limited side clearance
will not permit breakage caused by vibration. When 1t 1s assumed
that sufficient clearsnce does exist, a careful amalysis of the
axial-frequenoy equation (equation (Z2), appendix) reveals that the
natural frequencies for the higher modes of vibration are almost
proportional to ring widtks. Thus when the ring width is decrersed,
the natural frequency would decrcase instead of 1ncreasing, as the
previcualy mentloned speed variations seem to indlcate.

A condition where the endms of the rings hutt together because
of low-mode radlal vibrations has been suggested as the cause of
ring failure. In the tests reported in refersnce 5, the ring gaps
were made g0 large that the ring would bottom in its groove bhefore
butting. The rings broke, however, close to the ends. It was also
found that with a back clearance of 0.034 inch between the ring and
the groove, the length of the piece that broke off was 1 inch. When
the back cleerance was reduced to 0.028 inch, the broken pilece was
1/4 inch long; when the back cleoarance was reduced to 0.014 inch,
the piece was only 1/8 inch long. These facts are unexplained by
vibration theory because 0,028 inch 1a more then sufflclent clear-
ance to allow the radial-vibration deflections required to break
off a 1-inch plece and the same 1s true of the 0.0l4-inch back
clearance and the 1/4-1nch length.

Excosslve blow-by was invariably experienced in the tests

reported in reference 5 when breakage of piston rings occurred and
1t was discovered that the sudden inorease in blow-by preceded the
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fallure. In an attempt to correlate blow-by with ring vibration,
measurements were made of the amount of blow-by at wvarlious piston
frequencies. In some of the tests the pressure was held constant;

in others the amplitude was malntained constant; and in still others,
both pressure and empllitude were fixed at definite values. Results
of these tests were nelther sigrificant nor consistent.

A ring vibrating in an elghth-mode axlal manner would deflect
in a wave form with 10 nodal points. (The frequency calculation
is glven in the appendix.) 1In this case, hot geses would flow by
the ring, especlislly &t the nodal polnts, because the deflectlon
would prevert these pcinis from properly seating against the plston
land. The antinode polnts strike the lands very rapidly; conse-
quently, the pointe are bright owing to wear and heat removal as
well as to interruption of gas leakage at these polnts. Thls condl-
tlon might satlsfactorlly explain the even sprcing and the symmet-
rical location of the dlecoloration on the under side of the plston
ring shown in figure 6, which indicates that vibration of the ring
did exist. Thils piston ring wus removed from a single~-cylinder test
engine after 50 hours' rurcnirg time at constant speed and power.
Such discoloration has been previously attributed to an uneven sur-
face causei by grinding chatter durirg manufacture of the ring but
such ressoning would not account for the psrfect symmetry of the
discolcration or the fact that rirgs operated at other powers seem
to show & different number of discolorailon polnts.

Two possible sources of excltation of these high natural fre-
quencles are: the ring pasaslng over the cylinder undulations or
honlng marks; and the combustlon-chamber pressure causing the ring
to act like tho reed of a musical instrument. Thils second source
would explain why ring brezkage 1s more prevalent at high powers.

SUMMARY OF RESULTS

From the analyses and tests that were made Iin connection with
the vibration and treakage of alrcraft-engine keystone compression
plston rings, the followlngz results were obtained:

1. The measurements mnde with straln gages verlfy that the
mAaximum-stress pnirts of vibrating plston rings are at the antinodes
or polnts of meximum deflsction.

2. The matural frequencles that could cause ring breakage
1l inch or lsaes from the emd or gep location are higher than
2000 cycles per second. It 1s feaslible thot such a frequency can
be excited by gas pressures.
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3, Fatigue teste made on specimens in bending indicate that
ring breakage about 1 inch from the end cannot be attributed to
arial vibrations but can be the result of radilal vibrations.

Aircoraft Engine Research Laboratory,

National Advisory Committee for Aeronautios ’
Cleveland, Ohio, . |
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AFPERDIX

CALCULATION OF NATURAL FREQUENCIES OF FREE-~FREE RINGS
The equations for determining the natural frequenciea of free-~
free ring vibrations (reference 4) as modified for use with English
units are:

For the radlal or parallel vibrations:
p Pl 0?6 (mr)llz ¢ (1)
n = LZ m 1

£ natural frequency, cycles/sec

S,q,eaﬁl constants dependent on central angle of ring (356° for
e piston ring)

n mode of vibration

L length of ring at neutral axis, 1n.

E modulus of elasticity of ring material, 1b/eq in.

n mass of ring per unit length, 1b/in.

I moment of lnertla on oross-sectional area of ring about
y an axls through neutral axls of ring and parsllel %o

ring and cylinder axis, in.%

Cy constant necessary to adapt equation as developed In
reference 4 from metric to English units

For the case of sixth-mode parallel vlibratlons, the values
used in equation (1) are:

S = 0,797

q = 0-21
6%K; = 2.751

L = 16.67

E=19.4 x 1076
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m = 0.0053

74.39 x 10~8

980.7
= 1/-—-—— = 19.649
€1 2.54

For sixth-mode parallel vibrations:

i
H
]

rA
~ 0.797%(6 - 0.21)2 2,751 /19.4 X 74.35\1/2
16.672 0.0053 /

19.649

Hy
o2
1

2153 cyoles/sec

"b
2}
1]

129,180 cycles/min, or 43 order of engino speed at
taky-off rating

For axlal or tronsverse vibrations:

1/2
£ = Q*(n - @)? ezW'(EIx\ /

Cy (2)
where

woment of 1nertia of cross-sectiaonal area of ring about
an axis through neutral axii cf ring and perpendicular

to axis of ring or cylinder, 1n.%

2 i
Q,q,6°V constants dependsrct upon value of —65 whore C 1s

torsional riglidity given by 8heda (See fig. 7,which
1s a plot of values glven in referenco 4.)

B constant dependent upon b/c (See fig. 8,which is a plot
of values glven in rofersnces 7.)

b,c rectangular length and width substltutlon for the key-
stone crose sectlon in accordence with reference 6, 1n.

G modulus of rigidity of ring material, lb/sq in.

The values and definltions of the symbols E, L, m, and Cp
are the same as for equation (1). For the case of fifth-modo
trensverse-ring vibrations, the values used in equation (2) are:
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Iy = 16.58 x 1076

Q = 0.729

g = -0.300
02V = 3.67

n=2_5

ard values for ccmputing C are:
B = 0.241
b = 0.215
c = 0,096
G = 7.27 % 108
The accuracy of ths value of C, consequently the values of
B, b, ¢, end G, are rot very critical. In fact, a 20-percent error
in the vulue of C results in only a 0.5-percent error in the

final enswer given by the frequency equatiom.

For the fifth-mode transverse-ring vibration:

0.720%(5 + 0.300)2 3.67 /19.4 x 16.58%%/2
£ = > ) 19.649
16.67 \  0.0053
f5 = 950 cycles/sec

57,000 cycles/min, or 19 order of 3000 rpm taks-off speed

For the elghth-mode transverse-ring vibration:

/ 2
£q = £5 {3t 0.3C0Y

= 2350 cycles/sec
\S + 0.,30C,
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Radial or parallel vibration
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Figure 4, - Stress patterns of axial or transverse-rin

cemented on a compression piston ring of the keystone type.

reference

g vibration as shown by strain gages

(Node points calculated from
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Mgure 5. - A plot of natural frequency against the calculated distance from the gép of the

ring to the nearest stressed antinode.
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Figure 6. - Piston ring showing symmetric and even spacing of discoloration believed
to be the result of eighth-mode axial vibration.
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"Fiqure 6, - Piston ring showing symmetric and even spacing
to be the result of eighth-mode axial vibration.
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Flgure 7. - Constants Q, q, and eaw, which are used in the equatlon for the axial or transverse ring
vibration frequency. (Values from reference 4%.)
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Figure 8. - Relation of the factor B to the length-width ratio b/c of plston-ring cross
section. (Data from reference 7.)
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